We have studied the endocardial ventricular evoked response which follows delivery of a unipolar stimulus down the sensing electrode.
Jp n. Heart J. January 1984 interfaces between the electrodes and tissue such that, following the termination of the pacing pulse, a decaying voltage exists between cathode and anode. This potential opposite polarity to the pacing stimulus and the magnitude and time course depend upon the charge delivered, the materials employed as cathode and anode and the surface area of contact between the electrodes and tissue. Furthermore, most pacemaker output circuits are capacitor coupled in such a way that the capacitor discharges across the electrodes following charging during the pacing pulse.
It is not surprising, therefore, that it has proved technically difficult to isolate an evoked response of the order of millivolts in magnitude during the post-stimulus period. Conventional pulse generators use absolute refractory periods of the order of 300-500ms to avoid the polarization and capacitor discharge effects created at the electrode heart interface before enabling spontaneous beat sensing. In 1973 two independent groups1),2) attempted to measure the endocardial response following delivery of a pacing pulse. The object of these attempts was to design a pacemaker which would be capable of detecting a loss of pacing capture and which would respond by increasing the energy delivered by the subsequent pacing stimulus. Both attempts failed because of the difficulty of extracting the evoked response from the polarization and after-potentials which followed the pacing stimulus. These post-stimulus artefacts are of the order of hundreds of millivolts and special techniques are required to minimise these artefacts before the evoked response can be recognized. Identification of the normal biphasic cardiac response evoked by an adequate pacing stimulus in open chested dogs was reported in 1979, and these recordings provided the basis for the design of an " autodiagnostic" pacemaker3) which could document the occurrence of intermittent loss of capture.
We report the first successful recordings in man of the endocardial ventricular evoked response which follows delivery of a unipolar stimulus down the sensing electrode, and discuss some of the potential applications of this technique.
METHODS
(1) Recording the evoked response Using a conventional unipolar pacing catheter, a pacing stimulus at approximately 2.5mA for 0.5ms is delivered to the right ventricular endocardium. The input/output circuit of the evoked response pacemaker uses a modified pulse waveform and automatic post-pulse compensation to remove the polarization and capacitor discharge effects to permit recording of the Fig. 1 . Recordings of the paced evoked response in man. The ventricular activation is seen as a negative QRS reaching a maximum amplitude approximately 45ms after the pacing stimulus (St). The peak detector has an adjustable sensing window; this detector generates a marker pulse (short arrow) 100ms following detection of the peak of the evoked T wave (T). This marker is recorded together with St, and the St-T Interval measured automatically on a beat-to-beat basis by the pacing system. The St-T time is corrected by subtracting the 100ms imposed by the pacing system. Recordings of the electrocardiographic leads II, the paced evoked response and T-wave time at a paced cycle length (CL) of 600ms and at a paper speed of 100mm/sec are shown (recorded with a hot stylus HP 7754B recorder).
endocardial response which follows the pacing stimulus. Within 5ms following delivery of the pacing stimulus, a true DC recording of the evoked response is possible with the upper frequency limited by the recording apparatus. An 8 channel ink jet recorder (Mingograph 82, Siemens-Elema) was used during the studies.
Figs. 1 and 2 shows a recording of the paced evoked response using this system. The ventricular activation is shown as negative QRS, reaching a maximum amplitude approximately 45 ms following the pacing pulse and is followed by a clearly defined positive T wave. Both QRS and T wave durations are shorter than those observed on a simultaneous surface ECG, as the evoked response sensed by the pacing electrode reflects a dominance of events local to the depolarizing electrode. Thus the evoked response pacing system, by using the same electrode for pacing and sensing, is able to record dominantly local repolarization following a controlled, reproducible and homogeneous depolarization.
(2) Measurements Incorporated into the evoked response pacemaker is a peak detector with an adjustable sensing window (Fig. 1) . The window position was set on an oscilloscope to start at the onset of the T wave and terminate at the end of the evoked response. The peak detector generated a marker pulse 100ms following detection of the peak of the evoked T wave which was recorded together with the pacing stimulus. The Stimulus-T time was therefore measured automatically on a beat to beat basis by the pacing system without recourse to visual detection of the T wave of the evoked response. St-T times were taken as the average of 20 consecutive cycles and corrected by subtracting the 100ms imposed by the pacing system (Fig. 1) . During the electrophysiological studies in man, recordings of the ECG leads I, II and III, the evoked response and T wave timings were made at a paced cycle length of 600ms and paper speeds of 100 and 250mm/sec.
(3) Comparison of the paced evoked response measurements with the duration of monophasic action potentials
The paced endocardial evoked response was recorded together with simultaneous paced monophasic action potentials (MAP) in 12 experiments on anesthetized, ventilated dogs. The MAP recordings were obtained using a bipolar suction electrode catheter4) introduced into the heart with the pacing electrode either by direct puncture or via the left carotid artery under fluoroscopic control. The tips of both catheters were placed adjacent to each other on the endocardial wall of the septal surface of the left ventricle. A three-way stopcock allowed either infusion of saline through the MAP catheter or application of suction. The bipolar signals between the two electrode terminals in the MAP catheter (one situated inside the lumen of the catheter, the other on its outer surface) were preamplified with a very high impedance PACED EVOKED RESPONSE 23 The corrected St-T increased 35ms . Note also the change in the shape of the paced evoked response, with a longer activation time following the stimulus (arrow).
sotalol. Stimulation with isoprenaline infusion shortened the duration of the paced evoked response (Fig. 5) and the simultaneous paced MAP duration.
During electrophysiological studies in man, it was noted that the pacing stimulus (St) to evoked T wave time (St-T) at a controlled heart rate varied Fig. 7 . Scalar ECG and paced evoked response recordings during animal experiments at a cycle length=310ms and paper speed of 250mm(sec. Note that while T wave morphology on the surface ECG is indistinct, the evoked T wave is clearly seen. Fig. 8 . Recordings of the ECG, paced LV MAP and paced endocardial evoked response (PER) at progressively faster heart rates. As the cycle length (CL) decreases, there is a parallel decrease in the duration of myocardial repolarization as assessed by both methods. 
